Abstract: The polarization characteristics of photonic crystal fibers (PCFs) with nanoscale gold film are evaluated by using a finite element method. The coupling theory between core mode and SPP mode is introduced. Their application to fiber filter is investigated. The PCF filters for the ranges of 1.31, 1.48, and 1.55 m and a wide wavelength range are designed. We demonstrate that the resonance wavelengths are modulated by adjusting the diameter of the air hole with gold film, and the resonance wavelengths of x-polarized and y-polarized mode are divided by high birefringence of core. By our structure, the loss of y-polarized mode is larger than the loss of x-polarized mode at the resonance wavelength. When the diameter of the air hole with gold film is big enough, the loss of y-polarized mode is further larger than the loss of x-polarized mode at the wavelength range of 1.25-2.0 m.
Introduction
Photonic crystal fibers (PCFs), which are also called holey fibers or microstructured optical fibers, are consist of periodic array air holes parallel to the propagation axis [1] . The light is confined in the defects of the periodic structure. PCFs are divided into two kinds of fibers. The first one, i.e., indexguided PCF, guides light by total internal reflection between a high refractive index core and a low refractive index cladding region. The other one, i.e., photonic-bandgap PCF, guides light by the photonic bandbag in a low refractive index core-region. In this paper, index-guided PCF is employed. PCFs reveal many advantages, such as high-birefringence [2] , low loss [3] , big mode area [4] , and so on. The characteristics of PCF could be extended by filling the cladding air holes with liquid [5] , liquid crystal [6] , metal [7] , oil [8] , and so on. PCFs with metal wires or metal film arouse our interests. Surface plasmon polaritons (SPPs) can form on the surface of metal when they are stimulated by light. The core guided light can couple to SPPs when their phases match. By making the core with high birefringence, the resonance wavelengths of x-polarized and y-polarized mode can be divided. The polarized characteristics are dependent on the parameters of the structure, such as the thickness of metal film and the diameters and positions of the air holes coated metal film. Zhang et al. have coated the air holes selectively to realize a absorptive polarizer [9] . Lee et al. have reported a polarization-maintaining PCF with a metal wire, but the resonance wavelengths of two polarized modes are not divided [10] . The PCF with a metal wire has been fabricated by pumping molten metal into the air holes at high pressure [11] . Duet al. have reported the polarization-filter characteristics based on high-birefringence PCF with metal wires, the losses of unwanted polarized modes at the wavelength 1.31, 1.55 m are about 60, 40 dB/cm [12] . Chen et al. have proposed a PCF wavelength splitter coated metal film, the losses of unwanted polarized modes at the wavelength 1.31, 1.55 m are about 102.6, 245.0 dB/m [13] . However, these fibers do not have sufficient performances for the polarized filter.
In this work, polarized characteristics of PCF coated nanoscale gold film are evaluated by a finite element method (FEM). The different filling styles are discussed. The resonance wavelengths of x-polarized and y-polarized mode are divided by making the core with highbirefringence. The resonance wavelengths are adjusted by changing the diameter of the air hole coated gold film. Four kinds of polarized filters based on PCF are realized. We also demonstrate when the diameter of the air hole coated gold film is big enough, the loss of y-polarized mode is further larger than the loss of x-polarized mode in the wide wavelength range. Fig. 1(a) shows the schematic of the PCF polarized filter system. The white light is stable, continuous and broadband light. The upper standard single-mode fiber (SMF) is used to connect white light and PCF. The lower standard single-mode fiber (SMF) is used to connect PCF and optical spectrum analyzer. The cross section of the proposed filter based on PCF coated gold film is shown by Fig. 1(b) . The core is formed by removing an air hole. The air holes are ar- The blue hole is coated with gold film. Gold will not occur chemical reaction with most chemicals and shows strong corrosion resistance. The ductility of gold is the highest. Filter's bandwidth with gold film is better than that with Ag or Al film [14] . The thickness of gold film is represented by t, and t is fix to 40 nm. The background material is pure silica. Its chromatic dispersion is calculated by the Sellmeier equation [15] . The refractive index of air is 1. The permittivity of the gold is calculated by the Drude-Lorentz model [16] 
Geometry and Numerical Method
where " 1 is the permittivity in the high frequency, " 
where the unit of the loss and wavelength is dB/m and micrometer, respectively, and Imðn eff Þ represents the imaginary part of the effective refractive index of mode. Nowadays, the fabrication techniques for the perform of PCF include ultrasonic drilling, cast rod in tube, extrusion, and stacking. One metallic coating method involves suction and evaporation of metal nanoparticle mixtures into the fiber. Another method is chemical deposition via precipitation from a reduction reaction. Therefore, the PCF filter coated metal film with simple structure can be fabricated in reality.
The finite element method is used to investigate the mode characters and find the propagation constants of the core modes and plasmonic modes. Perfectly Matched Layer (PML) is used. PML can absorb radiant energy incident at various angles and not reflect energy. In the simulation, cylindrical coordinate is used for PML to absorb the radiant energy from fiber axis. Scattering boundary condition (SBC) is used for the outer boundary of PML. SBC can further reduce reflecting energy. The triangular sub-domain is used to discretize the computation area. The computational region is meshed into 18690 elements for the original structure: d 1 ¼ 2:4 m, and d 2 ¼ 1:2 m.
Coupling Theory
At first, a coupling between core mode and SPP mode is analyzed to understand the properties of mode coupling. In this section, d 1 ¼ 2:4 m, and d 2 ¼ 1:2 m. Fig. 2 shows the electric field distributions of core and SPP modes. Fig. 3(a) shows the real part of the effective refractive index dependence on the operating wavelength for y-polarized mode. The illustrations of mode field distributions are in the Fig. 3(a) . The core mode and SPP mode couple each other and split into another new modes. For lower cure, mode field is mainly distributed in the core-region at the short wavelength, more field begins to transfer from core-region to gold-film-region as wavelength increases, the field intensity in the core-region is same as the field intensity in the goldfilm region at the turn of the cure, and almost all the field transfers from core-region to the gold-film-region at the long wavelength. The transition of the upper curve is contrary to that of the lower curve. Fig. 3(b) shows the loss dependence on the operating wavelength for y-polarized mode. The transition from core mode to SPP mode also happens to the losses. For the red solid curve, the mode loss follows SPP mode at the short wavelength, and follows core mode at the long wavelength. There is an intersection between the red solid curve and the black dot curve. The losses of the two modes are equal at the intersection. The intersection corresponds to the turn of the cure in Fig. 3(a) . This coupling is called complete coupling. Fig. 4(a) shows the real part of the effective refractive index dependence on the wavelength for x-polarized mode. The illustrations of mode field distributions are represented in Fig. 4(a) . The core mode and SPP mode are confined in core-region and gold-film-region at the short wavelength. Just a little of the mode field of core couples to the SPP mode as the wavelength increases. Just a little of the SPP mode field couples to the core mode as the wavelength increases. At the longer wavelength, mode fields of the core and SPP modes return to their respective region. Fig. 4(b) shows the loss dependence on the operating wavelength for x-polarized mode. At the phase matching point, the losses of core mode and SPP mode are not equal, the loss of core mode is the maximum and the loss of SPP mode is the minimum. This coupling is called incomplete coupling.
Next, we use coupled-mode theory [17] to explain the above phenomena. For core and SPP mode, the coupled-mode equations are
where 1 and 2 are the propagation constants of core and SPP mode, E 1 and E 2 are the mode fields of the two modes, is the coupling strength, and z is the propagation length. We assume For lower cure (a), the mode field is mainly distributed in the core-region at the short wavelength, more field begins to transfer from core-region to gold-film-region as wavelength increases, and almost all the field transfers from core-region to the gold-film-region at the long wavelength. The transition of the upper curve is contrary to that of the lower curve. the propagation constant of the coupling mode is . E 1 and E 2 can be represented by the following equations:
We substitute (5) and (6) into (3) and (4) and get
where ave ¼ ð 1 þ 2 Þ=2, and ¼ ð 1 À 2 Þ=2. The two modes are leaky because their real parts of mode refractive index are lower than that of the background material. For leaky modes, 1 and 2 are complex. Therefore, can be represented by ¼ r þ i i . The real parts of propagation constants of core and SPP mode are equal as phase matching condition is satisfied; therefore, r ¼ 0. Then, we can get the equation
when i G , the real parts of þ and À are different, the imaginary parts of þ and À are equal, and a complete coupling happens as y-polarized mode. When i 9 , the real parts of þ and À are equal, the imaginary parts of þ and À are different, a incomplete coupling happens as the x-polarized mode. and 5632 dB/m, the loss of y-polarized mode is larger than the loss of x-polarized mode at the resonance wavelength, because the air hole coated gold film is in y-direction, and y-polarized mode couples to SPP mode easier than x-polarized mode. Comparing Fig. 5(a) with Fig. 5(b) , we find the resonance wavelengths of x-polarized and y-polarized mode are divided by increasing d 1 because the difference of the effective refractive index between x-polarized and y-polarized mode exists, and the corresponding losses are increased because the polarized modes are extruded to the y-direction. Fig. 5(c) shows the loss dependence on the wavelength based on the PCF with two air holes coated gold film, the structural parameters of the two air holes coated gold film are the same, d 1 ¼ 2:4 m, the resonance wavelengths of x-polarized and y-polarized mode are 1.516 and 1.40 m respectively, the corresponding losses are 33 732 and 39 139 dB/m, and the loss of x-polarized mode is 1595 dB/m at the wavelength 1.40 m. Fig. 6(a) and (b) shows the electric field distributions of x-polarized mode at the wavelength 1.516 m and y-polarized mode at the wavelength 1.40 m. Comparing Fig. 5(a) with Fig. 5(c) , we find the losses of the PCF with two air holes coated gold film at the resonance wavelengths are all increased, and the loss of x-polarized mode at the wavelength 1.40 m is also increased. Fig. 2. Comparing Fig. 5(a) with Fig. 5(d) , we find the losses of the PCF with gold wire at the resonance wavelengths are all decreased, and the loss of x-polarized mode at the resonance wavelength of y-polarized mode is also decreased.
Polarization Filter

Comparing With Different Filling Style
For polarization filter, we hope not only the loss of wanted polarized mode small but also the loss of unwanted polarized mode big. Therefore, the structural style of Fig. 5(a) is what we want. Next, we introduce single wavelength polarization filters.
Single Wavelength Polarization Filter
In this section, d 1 is fix to 2.4 m. We realize the polarization filters based on PCF by modulating the diameter of the air hole coated gold film. For the filter in Fig. 7(a) , the diameter of the air hole coated gold film is 1.06 m, the resonance wavelength of y-polarized mode is 1.31 m, the corresponding loss is 37 719 dB/m better than [12] and [13] . For the filter in Fig. 7(b) , the diameter of the air hole coated gold film is 1.34 m, the resonance wavelength of y-polarized mode is 1.48 m, the corresponding loss is 41 721 dB/m. For the filter in Fig. 7(c) , the diameter of the air hole coated gold film is 1.5 m, the resonance wavelength of y-polarized mode is 1.55 m, and the corresponding loss is 41 802 dB/m better than [12] and [13] . To show loss relation between x-polarized and y-polarized mode, extinction ratio (ER) is introduced which can be calculated by
ER is shown by Fig. 7(d) as fiber length is assumed to be 1 mm. The two modes can be divided very well when ER is better than À20 dB.
Wide Wavelength Polarization Filter
From Fig. 7 , we find the full width at the half-minimum of the loss curve increase with the increasing d 2 . Therefore, we try increasing d 2 to realize broadband polarization filter. Fig. 8(a) shows the loss of x-polarized and y-polarized mode of core dependence on the wavelength based on polarization filter for wide wavelength, the structural parameters are d 1 ¼ 2:4 m, SPP modes; therefore, Fig. 8 shows three peaks. ER is shown by Fig. 8(b) as fiber length is assumed to be 1 mm.
Finally, the tolerance of realistic fabrication is analyzed. We calculate the impacts of the slight changes in the diameters of air holes and the thick of gold film on the loss spectra. Numerical simulations reveal that the PCF filter for wide wavelength has a relatively strong tolerance of realistic fabrication. Fig. 10 shows the loss spectra of y-polarized mode of core are slightly affected as the diameters of air holes fluctuate 20 nm and the thick of gold film fluctuates by 10 nm. We find the loss spectra are more sensitive to the thick of metal film than the diameters of the air holes. When the thick of metal film decreases, the loss spectra red-shift, and the values of losses increase in a wide wavelength range. The broadband polarization filter provides a better tolerance of realistic fabrication.
Conclusion
We propose two kinds of polarization filters with nanoscale gold film for 1.31-m, 1.48-m, 1.55-m, and wide wavelength based on a finite element method. The coupling theory of core mode and SPP mode are introduced. By modulating the birefringence of core, the resonance wavelengths of x-polarized and y-polarized mode are divided. The loss of PCF with gold film is larger than the loss of PCF with gold wire at the resonance wavelength. Compared with the PCF with two air holes coated gold film, the PCF with one air hole coated gold film is more suitable as polarization filter. By modulating the diameter of the air hole coated gold film, we realize four polarization filters based on PCF. When the diameter of the air hole coated gold film is 2.4 m, the loss of y-polarized mode is better than 35000 dB/m in the wavelength range 1.25-2.0 m. The broadband polarization filter covering 750 nm with gold film is proposed for the first time. 
